Blast crisis chronic myelogenous leukemia (CML-BC) and Philadelphia chromosomepositive (Ph1-positive) acute lymphocytic leukemia (ALL) are 2 fatal BCR/ABL-driven leukemias against which Abl kinase inhibitors fail to induce a long-term response. We recently reported that functional loss of protein phosphatase 2A (PP2A) activity is important for CML blastic transformation. We assessed the therapeutic potential of the PP2A activator FTY720 (2-amino-2-[2-(4-octylphenyl)ethyl]-1,3-propanediol hydrochloride), an immunomodulator in Phase III trials for patients with multiple sclerosis or undergoing organ transplantation, in CML-BC and Ph1 ALL patient cells and in in vitro and in vivo models of these BCR/ABL + leukemias. Our data indicate that FTY720 induces apoptosis and impairs clonogenicity of imatinib/dasatinib-sensitive and -resistant p210/p190 BCR/ABL myeloid and lymphoid cell lines and CML-BC CD34+ and Ph1 ALL CD34+/CD19+ progenitors but not of normal CD34 + and CD34 + /CD19 + bone marrow cells. Furthermore, pharmacologic doses of FTY720 remarkably suppress in vivo p210/p190 BCR/ABL -driven [including p210/p190 BCR/ABL (T315I)] leukemogenesis without exerting any toxicity. Altogether, these results highlight the therapeutic relevance of rescuing PP2A tumor suppressor activity in Ph1 leukemias and strongly support the introduction of the PP2A activator FTY720 in the treatment of CML-BC and Ph1 ALL patients.
Introduction
The BCR-ABL1 oncogene, product of the Philadelphia chromosome (Ph1) translocation t(9;22)(q34;q11), is the hallmark of chronic myelogenous leukemia (CML) (1) and a poor prognostic factor in at least 20% of adult acute lymphoblastic leukemias (ALL) (2) . The BCR-ABL1-encoded isoform p210 is detected in almost all CML patients, whereas p190 is found in most Ph1 ALL patients (3) . p190 appears to have higher tyrosine kinase activity than p210 but similar transforming ability and preferential expression in lymphoid progenitors, where it potently stimulates proliferation (4) . By contrast, p210 expression is primarily restricted to the myeloid compartment, where it induces CML (5), a myeloproliferative disorder that depends on increased survival rather than enhanced proliferation of myeloid progenitors (6) .
The natural history of CML is characterized by the progression from an indolent chronic phase (CP) to an aggressive myeloid or lymphoid blast crisis (BC) phase (7), a disease stage biologically similar to acute leukemia (8) . Moreover, CML is a pluripotent hematopoietic stem cell disease, whereas the origin of Ph1 ALL is still controversial (9, 10) , though there is evidence suggesting that it may arise from neoplastic transformation of a B cell-committed progenitor (9, 11) . Nevertheless, although they are clinically distinct, CML (CP and BC) and Ph1 ALL are progenitor-driven leukemias (11) whose emergence and maintenance are dependent on the unrestrained kinase activity of BCR/ABL oncoproteins (8, 12) . These recruit and activate multiple pathways that transduce oncogenic signals, leading to increased survival, enhanced proliferation, and arrested differentiation of hematopoietic progenitors (13, 14) .
The BCR/ABL kinase inhibitor imatinib mesylate (15) has remarkable therapeutic efficacy in CML-CP (16, 17) . By contrast, most of the Ph1 ALL and CML-BC patients are refractory or develop resistance to imatinib monotherapy (16, (18) (19) (20) . In these patients, resistance often depends on mechanisms involving BCR/ABL overexpression or mutations (21) . Recently, the Src/Abl inhibitor dasatinib and the Abl inhibitor nilotinib have shown encouraging results in imatinib-resistant CML-CP patients (22, 23) , as they suppress the activity of most BCR/ABL mutants (other than T315I) (24) . However, in vitro evidence suggests that resistance to these compounds may develop through selection/expansion of BCR/ABL + cell clones carrying the T315I mutation (25) . In addition, dasatinib and nilotinib are not effective in CML-BC or Ph1 ALL, as patients either do not respond or relapse after a few months of therapy (22, 23) . Thus it is possible that successful treatment of CML-BC and Ph1 ALL may require alternative strategies that simultaneously target BCR/ABL and its signalosome through mechanisms different from those utilized by traditional kinase inhibitors.
We recently reported that p210-BCR/ABL inactivates the tumor suppressor PP2A by enhancing the expression of the PP2A inhibitor SET and that PP2A loss-of-function accounts for increased and sustained BCR/ABL activity in CML-BC progenitors (26) . In fact, reactivation of PP2A activity impairs BCR/ABL expression and function, leading to growth suppression, enhanced apoptosis, impaired clonogenicity, and decreased in vivo leukemogenesis of imatinib-sensitive and -resistant BCR/ABL + lines and myeloid CML-BC patient cells (26) .
In this study we assessed the therapeutic potential of the PP2A activator (27) FTY720 (also known as fingolimod) in CML-BC and Ph1 ALL progenitors and in models of in vitro and in vivo p210 and p190 BCR/ABL leukemogenesis. FTY720, a synthetic myriocin analog structurally similar to sphingosine, is a water-soluble, nontoxic drug with high oral bioavailability that reversibly arrests lymphocyte trafficking (mainly of CD4 + T cells) (28) (29) (30) (31) . It is currently used as an immunomodulator in Phase III trials for patients with multiple sclerosis or undergoing renal transplantation (32) (33) (34) (35) .
Here we present data supporting the investigation of FTY720 as a novel therapeutic approach for patients with imatinib/dasatinibsensitive and -resistant advanced CML and Ph1 ALL. We show that FTY720 is a potent inhibitor of BCR/ABL leukemogenesis, as it induces marked apoptosis of CML-BC CD34+ and Ph1 ALL CD34+/CD19+ patient cells by impairing p210/p190-BCR/ABL activity and expression via activation of PP2A. Furthermore, in vivo long-term administration of pharmacologic FTY720 doses (36) does not induce adverse effects and significantly inhibits wild-type and T315I p210 and p190 BCR/ABL leukemogenesis in mice.
Results

FTY720 suppresses growth of BCR/ABL-transformed myeloid and lymphoid cells in a dose-dependent manner.
The dose-dependent effect of FTY720 ( Figure 1A ) on BCR/ABL-dependent cell proliferation and BCR/ABL activity was initially assessed in p210 BCR/ABL -transformed myeloid precursor 32Dcl3 cells (32D-p210 BCR/ABL cells). Treatment
Figure 2
FTY720-dependent activation of PP2A and suppression of p210 and p190 BCR/ABL in myeloid and lymphoid cell lines and in CML-BC and Ph1 ALL patient cells. (A) PP2A assay in untreated (black bars) and FTY720-treated (red bars) 32D-p210 BCR/ABL (wild-type and T315I), K562, BaF3-p190 BCR/ABL , CML-BC CD34+ (n = 11), and Ph1 ALL CD34+/CD19+ (n = 12); PP2A activity in untreated and FTY720-treated BCR/ABL + cell lines and primary patient cells is expressed as percentage of the PP2A activity in untreated 32Dcl3 or BaF3 (white bars) and in NBM CD34+ (n = 4) and NBM CD34+/CD19+ (n = 4) cells, respectively. Dot plot shows SET protein levels expressed as arbitrary densitometric units normalized to Grb2 protein levels in NBM CD34+/CD19+ (n = 4) and Ph1 ALL CD34+/CD19+ cells (n = 12) (P < 0.001, Student t-test). (B) p210 BCR/ABL and p190 BCR/ABL activity and expression in untreated and FTY720-, imatinib-, and 1,9-dideoxyforskolin-treated 32D-p210 BCR/ABL (wild-type and T315I), K562, BaF3-p190 BCR/ABL , CML-BC CD34+ (n = 3), and Ph1 ALL CD34+/CD19+ cells (n = 6). Grb2 protein levels were detected as control for equal loading. (C) Left: PP2A assay in untreated pBABE-GFP vector-transduced 32Dcl3 (white bar) and 32D-p210 BCR/ABL (black bar) cells, small-t-expressing 32Dcl3 and 32D-p210 BCR/ABL cells (yellow bars), FTY720-treated 32D-p210 BCR/ABL (red bars) and in FTY720-treated small-t-expressing (pBabe-GFP-small-T) 32Dcl3 and 32D-p210 BCR/ABL cells (blue bars). Right: Western blots show effect of small-t expression on BCR/ABL activity and expression in untreated and FTY720-treated 32D-p210 BCR/ABL cells.
with increasing concentrations of FTY720 (0.01-20 μM) for 0 to 120 hours led to dose-dependent growth inhibition followed by cell death ( Figure 1B) . Specifically, FTY720 at 2.5 and 0.5 μM induced cell death within 48 and 120 hours, respectively. At lower concentrations (0.01 to 0.1 μM), FTY720 markedly suppressed proliferation (50%-75% growth inhibition) without impairing cell viability ( Figure 1B ). Similar dose-dependent growth-inhibition was observed in FTY720-treated lymphoid BaF3 progenitor cells transformed with p190 BCR/ABL (data not shown). By contrast, IL-3-dependent proliferation of nontransformed 32Dcl3 myeloid precursors was not affected by concentrations of FTY720 ranging from 0.01 to 1 μM ( Figure 1B) . Moreover, 32Dcl3 cells exposed to 2.5 μM FTY720 continued to grow and were all alive after 36-48 hours of treatment and thereafter slowly underwent apoptosis ( Figure 1B) . Notably, continued exposure to 2.5 μM FTY720 induced death of 32D-BCR/ABL and parental 32Dcl3 cells within 48 and 108 hours, respectively ( Figure 1B ), suggesting that BCR/ ABL-expressing cells are much more sensitive to FTY720 than are nontransformed cells. Interestingly, the increased FTY720 sensitivity of BCR/ABL + cells depends on the ability of this drug to induce BCR/ABL dephosphorylation (inactivation) and downregulation ( Figure 1C ). In fact, levels of tyrosine-phosphorylated (active) p210 BCR/ABL were dramatically reduced within 6 hours, barely detectable at 12 hours, and absent at 24 hours of treatment with 2.5 μM FTY720 ( Figure 1C) . Similarly, BCR/ABL expression was downregulated by 2.5 μM FTY720, although this occurred at later time points than dephosphorylation ( Figure 1C ). Note that 32D-p210 BCR/ABL cell viability was not affected after 12 hours and partially decreased (25% reduction) after 24 hours of treatment with 2.5 μM FTY720, indicating that inhibition of BCR/ABL precedes, and most likely accounts for, FTY720-induced cell death. Further supporting this is the gradual inhibition of BCR/ABL activity observed when cells were treated with FTY720 at concentrations of 0.01 to 0.5 μM (Figure 1C ), which impaired proliferation but did not induce cell death ( Figure 1B) . Indeed, FTY720 treatment (at 36 hours) suppressed BCR/ABL activity with an 50% effective concentration (EC 50 ) of approximately 80 nM ( Figure 1C) .
FTY720 restores the activity of the PP2A tumor suppressor and hampers that of p210 and p190 BCR/ABL oncoproteins in CML-BC and Ph1 ALL cells. Phosphatase assays were performed using PP2A catalytic subunit (PP2Ac) immunoprecipitates from myeloid 32Dcl3 and pro-B lymphoid BaF3 precursors as controls, untreated and FTY720-treated (2.5 μM; 6 hours) imatinib-sensitive and -resistant (T315I) p210 BCR/ABL -expressing myeloid 32Dcl3 and Ph1 K562 cells as models of CML-BC; and untreated and FTY720-treated (2.5 μM; 6 hours) p190 BCR/ABL -transformed BaF3 (BaF3-p190 BCR/ABL ) cells Western blots show the effect of S1P alone or in combination with FTY720 (100 nM S1P, 1 hour treatment before exposure to FTY720) on FTY720-induced p210 BCR/ABL and p190 BCR/ABL inactivation and downregulation. (C) Effect of SPHK inhibitor DMS (2.5 μM; 30-minute pretreatment) on FTY720-induced p210 BCR/ABL and p190 BCR/ABL inactivation and downregulation. GRB2 protein levels were used as loading control. (D) Effect of SPHK inhibitor 2 (0.5 μM), fumonisin B1 (FB1; 25 μM), and PTX (100 ng/ml) on FTY720-induced BCR/ABL dephosphorylation. PTX was given to the cells 16 hours before exposure to FTY720, and FB1 and SPHK inhibitor 2 were administered 1 hour before exposure to FTY720. HSP90 levels were detected as control for equal loading.
Figure 4
FTY720 induces caspase-dependent apoptosis of primary Ph1 leukemia progenitors and imatinib-sensitive and T315I BCR/ABL + myeloid and/or lymphoid lines. Caspase-3/7 (graphs) and annexin-V/propidium iodide (annexin-V/PI) (flow cytometry dot plots) assays in untreated and FTY720-treated (2.5 μM) (A) myeloid 32Dcl3, 32D-p210 BCR/ABL (wild-type and T315I), K562, NBM CD34+ (n = 3), CML-CP CD34+ (n = 3), and CML-BC CD34+ (n = 3) and (B) lymphoid BaF3, BaF3-p190 BCR/ABL , NBM CD34+/CD19+ (n = 3), and Ph1 ALL CD34+/CD19+ (n = 3) cells.
as models of Ph1 ALL. As expected, PP2A activity was markedly reduced by 80% or more in wild-type and T315I p210 BCR/ABL -expressing cell lines compared with parental 32Dcl3 cells (Figure 2A) . Likewise, untreated BaF3-p190 BCR/ABL cells exhibited low levels of PP2A activity corresponding to 20%-25% of those measured in parental BaF3 cells (Figure 2A) . Importantly, FTY720 treatment of 32D-p210 BCR/ABL and BaF3-p190 BCR/ABL cells restored PP2A activity to levels similar to those of parental cells (Figure 2A ).
PP2A activity was also reduced by 90% in myeloid CML-BC CD34+ (n = 11) compared to the CD34 + fraction from normal bone marrow (NBM) donors, and reduced by 82% in Ph1 ALL CD34+/CD19+ (n = 12) compared to the CD34 + /CD19 + fraction from NBM donors (n = 8) (Figure 2A) . Consistently, treatment of CML-BC CD34+ and Ph1 ALL CD34+/CD19+ progenitors with FTY720 (2.5 μM; 48 hours) in the presence of myeloid or lymphoid cytokines reestablished PP2A activity to levels observed in normal CD34 + myeloid and CD34 + / CD19 + lymphoid progenitors ( Figure 2A ). By contrast, FTY720 did not overinduce PP2A activity in primary NBM progenitors ( Figure 2A) . Notably, the presence of cytokines in primary CML-BC and Ph1 ALL cultures, but not in growth factor-independent cell lines, may account for differences in the kinetics of PP2A activation.
Indeed, we previously reported that expression of the PP2A inhibitor SET (37) increases upon cytokine stimulation of NBM CD34 + progenitors (26) .
As in myeloid CML-BC (26), suppression of PP2A activity in Ph1 ALL is also dependent on enhanced expression of the BCR/ ABL-regulated (26) SET. In fact, SET protein levels were significantly (P < 0.001; Student's t test) higher in Ph1 ALL CD34+/CD19+ (n = 8) than in NBM CD34+/CD19+ (n = 4) progenitors ( Figure 2A ). Thus enhanced SET expression represents a common mechanism used by both p210 (26) and p190 BCR/ABL oncoproteins to suppress the phosphatase activity of PP2A, a tumor suppressor with a pivotal role in the regulation of cell cycle progression, survival, and differentiation (38, 39) .
While imatinib treatment suppresses BCR/ABL kinase activity only ( Figure 2B , lanes 1 and 2), enhanced PP2A activity by FTY720 treatment (2.5 μM; cell lines, 36 hours; CML-BC CD34+ , 48 hours) abolished p210 BCR/ABL phosphorylation and induced downregulation of p210 BCR/ABL in imatinib-sensitive (32D-p210 BCR/ABL and K562) and -resistant [32D-p210 BCR/ABL (T315I)] cell lines ( Figure 2B , lanes 3-8) and in primary CML-BC CD34+ cells (n = 3) ( Figure 2B , lanes 12 and 13). The PP2A-mediated effects of FTY720 were also clearly evident in the BaF3-p190 BCR/ABL cell line and Ph1 ALL CD34+/CD19+ patient cells (n = 6). In fact, p190 BCR/ABL tyrosine phosphorylation and expression were strongly inhibited in BaF3-p190 BCR/ABL and IL-7-cultured Ph1 ALL CD34+/CD19+ cells treated with 2.5 μM FTY720 for 36 and 48 hours, respectively ( Figure 2B , lanes 9-11, 14, and 15). Likewise, 1,9-dideoxyforskolin (40 μM; 96 hours), a PP2A activator capable of impairing p210 BCR/ABL expression and leukemogenesis (26) , efficiently suppressed p190 BCR/ABL activity and expression in BaF3-p190 BCR/ABL ( Figure 2B , lane 10) and IL-7-cultured Ph1 ALL CD34+/CD19+ cells (data not shown).
To further demonstrate that the FTY720-induced suppression of BCR/ABL activity and expression depends on activation of PP2A, parental and BCR/ABL-expressing 32Dcl3 cells were transduced with a retrovirus (pBABE-GFP-sTAg) carrying the SV40 small T antigen (small-t) that, as reported, inhibits PP2A activity upon interaction with the PP2A AC dimer (PP2A dimer containing the catalytic C subunit associated with the structural A subunit) and
Figure 5
In vitro antileukemic effects of FTY720 in imatinib-sensitive and -resistant (T315I) Ph1 leukemia marrow progenitors and BCR/ABL + cell lines. (A) Growth factor-independent methylcellulose colony formation (expressed as mean ± SD of percentage of clonogenic potential from 3 experiments) of untreated and FTY720-treated 32D-p210 BCR/ABL (WT and T315I), BaF3-p190 BCR/ABL , and K562 cells. As control, 100% clonogenic potential was attributed to the IL-3-dependent colony-forming ability of untreated and FTY720-treated parental 32Dcl3 and BaF3 cells. (B) IL-3-(for myeloid progenitors) and IL-7-dependent (for lymphoid progenitors) colony-forming ability (expressed as mean ± SD of percentage of clonogenic potential from 3 assays performed with each patient sample) of untreated (dark bars) and FTY720-treated NBM CD34+ (n = 4), CML-CP CD34+ (n = 3), CML-BC CD34+ (n = 11), CML-CP CD34+ (T315I) (n = 1), CML-BC CD34+ (T315I) (n = 3), NBM CD34+/CD19+ (n = 4), and Ph1 ALL CD34+/CD19+ (n = 12) cells. As controls, 100% clonogenic potential was attributed to the IL-3-and IL-7-driven colony formation of NBM CD34+ and NBM CD34+/CD19+ , respectively. (C) Inhibition of PP2A activity by okadaic acid (0.25 nM) rescues the clonogenic potential (expressed as mean ± SD of percentage of conogenic potential from 3 independent assays performed with each patient sample) of FTY720-treated CML-CP CD34+ , CML-BC CD34+ , and Ph1 ALL CD34+/CD19+ cells.
the free PP2A A subunit (PP2A structural/regulatory subunit A) (40) . Expression of small-t ( Figure 2C ) abrogated the effects of FTY720; in fact, FTY720 treatment (2.5 μM) was unable to rescue PP2A activity ( Figure 2C ) or suppress BCR/ABL activity or expression ( Figure 2C , right panel, lane 4) in GFP + small-t-expressing 32D-BCR/ABL cells. Moreover, small-t markedly impaired PP2A activity in 32Dcl3 cells, whereas it did not further decrease PP2A activity in 32D-BCR/ABL cells ( Figure 2C ) or have any effect on BCR/ABL activity or expression ( Figure 2C , right panel, lane 3). As expected, FTY720 treatment was also unable to rescue PP2A activity in small-t-expressing 32Dcl3 cells ( Figure 2C ), whereas it significantly augmented PP2A activity ( Figure 2C ) and inhibited BCR/ABL activity and expression ( Figure 2C , right panel, lane 2) in pBABE-GFP vector-transduced 32D-BCR/ABL cells.
FTY720 inhibits BCR/ABL and its major signal transducers through a PP2A-dependent mechanism. Activation of PP2A is an early event induced by FTY720 in BCR/ABL + cells ( Figure 3A, lanes 1 and 3) . Consistent with the effects of PP2Ac overexpression or SET downregulation in 32D-p210 BCR/ABL cells (26), FTY720 treatment (2.5 μM; 6 hours) also negatively affected phosphorylation (activity) of the BCR/ABL (8, 41) and PP2A (42) (43) (44) targets Akt, STAT5, and ERK1/2 without altering their expression levels ( Figure 3A) . Moreover, treatment with the serine-threonine phosphatase inhibitor okadaic acid (0.25 nM; 1.5 hours) at concentrations that specifically inhibit the activity of PP2A but not that of other cellular phosphatases (45) restored BCR/ABL activity and expression and rescued Akt, STAT5, and ERK1/2 phosphorylation in FTY720-treated 32D-p210 BCR/ABL cells ( Figure 3A , lane 5). The PP2A activator 1,9-dideoxyforskolin also suppressed BCR/ABL activity and expression and inactivated the major BCR/ABL signal transducers (i.e., Akt, STAT5, and ERK1/2) in an okadaic acid-sensitive manner ( Figure 3A, lanes 2 and 4) .
FTY720-dependent inactivation of BCR/ABL does not require FTY720 phosphorylation. FTY720, like sphingosine, undergoes phosphorylation by the sphingosine kinases (SPHKs) (28-31); sphingosine-1-phosphate (S1P) and phosphorylated FTY720 (FTY720-P) are exported outside the cells where, upon interaction with the Gi protein-coupled S1P receptor 1 (S1PR1), they become internalized and allow Gi protein-mediated signaling (28) (29) (30) (31) 46) . To determine whether the FTY720-induced suppression of BCR/ABL activity depends on the FTY720 interaction with the Gi protein-coupled S1PR1 (46) and/or conversion to FTY720-P (36), we pretreated 32D-p210 BCR/ABL and BaF3-p190 BCR/ABL cells with an excess of S1P (100 nM; 1 hour) (47) and then exposed them to FTY720 (2.5 μM; 24 hours). As controls, cells were either left untreated or treated only with 2.5 μM FTY720 or 100 nM S1P for the same period of time.
As shown, while FTY720 alone induced marked BCR/ABL dephosphorylation and downregulation, pretreatment with 100 nM S1P prevented FTY720 from exerting its effect on both p210 and p190 BCR/ABL oncoproteins ( Figure 3B , lanes 1-4 and 6). Notably, treatment with 100 nM S1P alone was unable to suppress both p210 and p190 BCR/ABL activity ( Figure 3B , lane 5). Furthermore, inhibition of the Gi protein-coupled S1PRs with pertussis toxin (PTX; 100 ng/ml) (48) did not counteract the effects of FTY720 on BCR/ABL expression and activity ( Figure 3D , lane 7), suggesting that the effect of FTY720 on BCR/ABL is not mediated by Gi-coupled S1PR-induced signals.
To determine whether the PP2A-mediated effects of FTY720 might rely on its phosphorylation, we preincubated 32D-p210 BCR/ABL and/or BaF3-p190 BCR/ABL cells with either the SPHK1 and SPHK2 antagonist (49) N′,N-dimethylsphingosine (DMS; 2.5 μM, 30 minutes) at a concentration that does not inhibit growth of myeloid leukemic cells (50) or with the specific SPHK inhibitor 2 (0.5 μM) (51). Unexpectedly, FTY720-induced p210 and/or p190 BCR/ABL inactivation was not prevented but augmented by both DMS ( Figure 3C ) and SPHK inhibitor 2 (Figure 3D, lanes 3 and 4) treatment, suggesting that the nonphosphorylated FTY720 is responsible for BCR/ABL inactivation. In addition, BCR/ABL dephosphorylation was also observed after cotreatment of 32D-BCR/ABL cells with 2.5 μM FTY720 and fumonisin B1 (25 μM), a ceramide synthetase inhibitor, but not after administration of fumonisin B1 only ( Figure 3D , lanes 5 and 6), suggesting that FTY720 does not activate PP2A by stimulation of the ceramide pathway.
Antileukemic activity of FTY720 in imatinib and dasatinib-sensitive and/or -resistant primary Ph1 leukemia cells and BCR/ABL + cell lines.
To assess the biologic effects and therapeutic relevance of FTY720 in Ph1 leukemias, imatinib-sensitive and -resistant myeloid [32D-p210 BCR/ABL , 32D-p210 BCR/ABL (T315I), and Ph1 K562] and lymphoid (BaF3-p190 BCR/ABL ) BCR/ABL + cell lines as well as primary bone marrow progenitors from imatinib-sensitive and -resistant CML-BC, imatinib-sensitive and -resistant CML-CP, and Ph1 ALL patients [CML-BC CD34+ , n = 11; CML-BC CD34+ (T315I), n = 1; CML-CP CD34+ , n = 3; CML-CP CD34+ (T315I), n = 1; and Ph1 ALL CD34+/CD19+ , n = 12) were treated with 2.5 μM FTY720 for 36 hours (for cytokine-independent cell lines) or 48-96 hours (for patient cells cultured and treated in the presence of cytokines) and used to assess apoptosis and/or clonogenic potential. For controls we used cytokine-cultured myeloid 32Dcl3, lymphoid BaF3, and normal CD34 + and CD34 + /CD19 + progenitors (NBM CD34+ and NBM CD34+/CD19+ ; n = 8) treated with FTY720 at the concentration and time indicated above. Survival was calculated by the Kaplan-Meier method, and the log-rank test evaluated the differences among survival distributions. Overall, P < 0.0001; 32D-p210 BCR/ABL untreated versus FTY720-treated, P < 0.0001; 32D-p210 BCR/ABL (T315I) untreated versus FTY720-treated, P < 0.001; and BaF3-p190 BCR/ABL untreated versus FTY720-treated, P < 0.0001.
Consistent with its ability to strongly enhance PP2A activity in Ph1-positive but not in normal hematopoietic progenitors (Figure 2A ), FTY720 markedly suppressed growth (data not shown) and induced apoptosis (Figure 4 ) of cytokine-deprived imatinib-sensitive and -resistant myeloid and lymphoid BCR/ABL + cell lines and of IL-3/IL-6/Flt-3L/KL-cultured and IL-7/Flt-3L/KL-cultured CML-BC CD34+ (n = 3) and Ph1 ALL CD34+/CD19+ (n = 3) patient cells. A similar proapoptotic effect was observed in CML-CP CD34+ (n = 3) cells treated with 2.5 μM FTY720 (Figure 4) . In fact, the percentage of apoptosis (annexin V + cells) in FTY720-treated p210 BCR/ABL + cell lines, primary CML-BC CD34+ and CML-CP CD34+ cells ranged between 83% and 97% ( Figure 4A ). FTY720-treated BaF3-p190 BCR/ABL and Ph1 ALL CD34+/CD19+ cells also underwent marked cell death (≥98% annexin V + cells) ( Figure 4B ). By contrast, the percentages of apoptotic (annexin V + ) 32Dcl3, BaF3, NBM CD34+ (n = 3), and NBM CD34+/CD19+ (n = 3) cells were not significantly altered in FTY720-treated cells compared with untreated cells (Figure 4 ).
Because inhibition of the BCR/ABL-dependent PI3K/Akt pathway triggers caspase-dependent apoptosis (8) , strong activation of caspase-3/7 was observed in FTY720-treated p210 and p190 BCR/ ABL-transformed cell lines (an average of 65-fold increase) and in cytokine-cultured CML-BC CD34+ (n = 3), CML-CP CD34+ (n = 3), and Ph1 ALL CD34+/CD19+ (n = 3) cells (an average of 6-fold increase) but not in nontransformed cell lines or normal hematopoietic progenitors (n = 6) ( Figure 4, A and B) .
Similar to the inhibitory effect of forskolin or ectopic PP2Ac expression on colony formation of CML-BC CD34+ patient cells (26) , both myeloid 32D-p210 BCR/ABL (wild-type and T315I) and lymphoid BaF3-p190 BCR/ABL cells showed 70%-98% suppression of clonogenic potential when exposed to a single dose of FTY720 (2.5 μM) ( Figure 5A ). Likewise, FTY720 strongly abolished (80%-95% inhibition) the ability of primary imatinib-sensitive and imatinib-and dasatinib-resistant CML-BC CD34+ (n = 11) and CML-CP CD34+ (n = 3) marrow cells to form IL-3-derived colonies in semisolid medium ( Figure 5B ). Also, IL-7-driven colony formation of Ph1 ALL CD34+/CD19+ lymphoid progenitors (10, 52) (n = 12) was dramatically suppressed (an average of 80% inhibition) by exposure to 2.5 μM FTY720. Moreover, the presence of malignant cells bearing the T315I BCR/ABL mutant did not influence the responsiveness of bone marrow CD34 + CML-CP (n = 1) or CML-BC (n = 3) cells to FTY720 ( Figure 5B ). Conversely, FTY720 did not affect the IL-3-or IL-7-driven clonogenic potential of NBM CD34+ (n = 4) or NBM CD34+/CD19+ (n = 4) cells, respectively. Consistent with the important role of PP2A as mediator of the in vitro cytotoxic effect of FTY720, cotreatment with 2.5 μM FTY720 and 0.25 nM okadaic acid significantly rescued cytokine-dependent colony formation of CML-CP CD34+ , CML-BC CD34+ , and Ph1 ALL CD34+/CD19+ bone marrow progenitors ( Figure 5C ). Note that at 0.25 nM okadaic acid specifically inhibits PP2A activity only (45) . Interestingly, replating of residual colonies from FTY720-treated BCR/ABL + cells in 2.5 μM FTY720-containing semisolid cultures resulted in 90% or greater inhibition of colony formation (data not shown), suggesting that emergence of FTY720 resistance does not account for the presence of residual colonies.
Long-term treatment with FTY720 remarkably suppresses in vivo p210 (wild-type and T315I) and p190 BCR/ABL leukemogenesis without exerting adverse effects. Although xenografts of primary CML-BC and Ph1 ALL progenitors in NOD-SCID mice represent the best models to assess the effect of FTY720 on p210 and p190 BCR/ABL-driven leukemogenesis, this approach was limited by the insufficient availability of patient cells. Therefore, we used comparable mouse models of CML-BC and Ph1 ALL. SCID mice (n = 78) were i.v. injected with 32D-p210 BCR/ABL , BaF3-p190 BCR/ABL, or 32D-p210 BCR/ABL (T315I) cells (5 × 10 5 cells/mouse). After 7 days, BCR/ABL + cell engraftment was assessed by the presence of circulating BCR/ ABL + cells via nested RT-PCR-mediated detection of p210 or p190 BCR/ABL transcripts in peripheral blood (PB) ( Figure 6A ).
Figure 7
Effects of long-term FTY720 administration in healthy and p210 T315I BCR/ABL-injected mice. Top: May-Grumwald/Giemsa staining of PB cytospins and H&E staining of tissue sections from bone marrow, spleen, liver, kidney, lung, heart, and brain. Bottom: Visual analysis of spleens from age-matched and FTY720-treated controls and 32D-p210 BCR/ABL (T315I) cell-injected mice euthanized 27 weeks after the beginning of treatment. Original magnification, ×400 (PB and bone marrow); ×250 (spleen, liver, kidney, lung, heart, and brain).
The i.p. treatment with FTY720 (10 mg/kg/d; LD 50 [50% lethal dose] = 300 mg/kg) was then initiated in 13 mice per group (n = 39). As controls, 13 mice per group (n = 39) only received daily treatment with FTY720, whereas an identical number of cell-injected mice were left untreated.
After 4 weeks of FTY720 treatment, all treated leukemic mice were alive and BCR/ABL negative ( Figure 6A ), whereas only 3-4 untreated leukemic mice were alive but appeared lethargic and were BCR/ABL + ( Figure 6A ). Thus, 3 mice per group were sacrificed and organs were evaluated by visual inspection and light microscopy. Mice injected with wild-type or T315I p210 and p190 BCR/ABL + cells showed massive splenomegaly, whereas, consistent with the antileukemic effect of other PP2A activators (26) , the morphology of spleens from FTY720-treated BCR/ABL + cell-injected mice resembled that of control age-matched or FTY720-only treated mice ( Figure 6A ). PB cytospins and H&E-stained sections of spleen, bone marrow, and liver of 32D-p210 BCR/ABL , 32D-p210 BCR/ABL (T315I), and BaF3-p190 BCR/ABL mice treated with vehicle (saline solution) showed extensive infiltration of blast cells with a low degree of myeloid maturation and presence of a large number of circulating blast cells typical of an overt acute myeloid leukemia-like process ( Figure 6B ). In contrast, spleen, liver, and bone marrow histopathology and PB from the FTY720-treated leukemic mice ( Figure 6B ) were similar to that of the age-matched and FTY720-injected control groups ( Figure 6B ). Consistent with these findings, 80% and 90% of FTY720-treated mice injected with 32D-p210 BCR/ABL or BaF3-p190 BCR/ABL cells, respectively, were BCR/ABL-negative at 16 weeks ( Figure 6A ) and all were alive 27 weeks (6.3 months) after transplant ( Figure 6C ). By contrast, the median survival of mice injected with 32D-p210 BCR/ABL or BaF3-p190 BCR/ABL cells only was 4.3 and 4.1 weeks, respectively ( Figure 6C) . Similarly, all untreated 32D-p210 BCR/ABL (T315I) mice died within 5 weeks (median survival, 4.8 weeks) (Figure 6C ), while 80% of FTY720-treated T315I mice were alive after 8 weeks of treatment. Unexpectedly, upon suspension of drug administration, 30% of mice relapsed and died of a BCR/ABL + acute leukemia-like disease process within 4 weeks of the end of treatment ( Figure 6C and Supplemental Figure 1) . As already observed with 1,9-dideoxyforskolin treatment (26) , resumed FTY720 therapy prevented further mortalities, restored the BCR/ABL-negative status (as assessed by nested RT-PCR performed 16 weeks following transplant on PB of FTY720-treated T315I-injected mice; Figure 6A ), and resulted in 100% survival of treated mice at 27 weeks (6.3 months) after cell injection ( Figure 6C ). As expected, 100% of control mice were still alive after 27 weeks of daily i.p. treatment with FTY720 (10 mg/kg) ( Figure 6C ). Furthermore, no significant changes in body weight (data not shown) and no signs of toxicity were observed in control or T315I SCID mice that received 10 mg/kg FTY720 for 27 weeks (Figure 7) . In fact, hematological data showed neither altered myelopoiesis nor biochemical (e.g., hemoglobin, MCV, MCHC) abnormalities in control or T315I mice treated for 27 weeks with 10 mg/kg/d FTY720. Moreover, PB cytospins from these 2 FTY720-treated groups compared with untreated age-matched mice did not show noticeable differences in blood cellularity ( Figure 7) . Specifically, the numbers of erythrocytes (rbc), platelet, nucleated cells, and neutrophils were not significantly different (Kruskal-Wallis test) among untreated control (n = 3), FTY720-treated control (n = 3), or FTY720-treated T315I (n = 5) mice ( Table 1) . As expected, PB blast cells were not detected in FTY720-treated T315I mice (data not shown). Furthermore, no gross or microscopic differences in spleen size or architecture; bone marrow cellularity; or liver, kidney, lung, heart, or brain structure were observed in FTY720-treated (27 weeks; control and T315I) mice compared with untreated age-matched control mice (Figure 7) .
Discussion
Although a possible role for the immunomodulator and PP2A activator FTY720 as an anticancer agent has been proposed for many solid tumors (53) (54) (55) (56) (57) , its therapeutic potential in hematologic malignancies, including Ph1 leukemias, and the molecular mechanisms whereby it preferentially targets cancer cells have been only minimally investigated. Here we provide evidence bolstering the therapeutic use of FTY720 in imatinib/dasatinib-sensitive and -resistant (T315I included) CML-BC and Ph1-positive ALL. Specifically, we demonstrate that growth inhibition and induction of caspase-dependent apoptosis by FTY720 depend on interference with p210 and p190 BCR/ABL oncogenic activity. In fact, the FTY720 antiproliferative and proapoptotic effects are preceded by a marked decrease of p210/p190 BCR/ABL activity and expression. However, while FTY720 induces apoptosis in several carcinomas, glioma, and multiple myeloma cells with IC 50 (50% inhibitory concentration) ranging between 5 and 18 μM (53-55, 57, 58), its inhibitory effects on cell growth and BCR/ABL oncogenic kinase activity occurs at nanomolar and low micromolar concentrations [EC 50 = 80 nM] that reportedly do not impair viability of normal human myeloid and lymphoid cells (reviewed in refs. 28, 29, 31) , thereby indicating that fewer hematologic toxicities might be found in treated leukemic patients. In addition, these doses more closely resemble the FTY720 blood concentrations achieved in patients undergoing renal organ transplant (35) .
The mechanism whereby FTY720 antagonizes BCR/ABL activity and expression in primary CML-BC and Ph1 ALL depends on reactivation of PP2A activity (Figures 2, 3, and 5) . In this regard, we also show that inhibition of PP2A tumor suppressor activity occurs also in Ph1 ALL progenitors in a SET-dependent manner. Consistent with the role of PP2A as mediator of the FTY720 effects in Ph1 leukemic progenitors, it has been reported that FTY720 activates PP2A through interaction with purified PP2A AC dimers (27) and that rescue of PP2A activity induces the SHP-1-dependent p210-BCR/ABL dephosphorylation and proteasome-dependent degradation (26) . Furthermore, the evidence that SV40 small-t prevents the FTY720-induced BCR/ABL inactivation and degradation, together with the ability of picomolar concentrations of okadaic acid (a specific inhibitor of PP2A serine threonine phosphatase when used at 0.25 nM concentration; ref. 45 ) to rescue the clonogenic potential of CD34 + CML-CP, CML-BC, and Ph1 ALL progenitors and restore both activity and expression of BCR/ABL and phosphorylation of BCR/ABL and PP2A targets Akt, STAT5, and ERK1/2 in FTY720-and 1,9-dideoxyforskolin-treated (26) BCR/ABL + cells strongly indicates that FTY720 functions through activation of PP2A. Accordingly, Akt dephosphorylation appears essential for the proapoptotic activity of FTY720 in leukemic myeloid U937 and lymphoid BALL-1 cells (27) . Indeed, okadaic acid abolished FTY720-induced apoptosis and rescued Akt phosphorylation in these leukemia cells (27) . Similarly, FTY720 induces ERK1/2 dephosphorylation in renal cells (59) . Thus it is likely that the therapeutic potential of the PP2A activator FTY720 in Ph1 leukemias is based on its ability to shut down BCR/ABL kinase activity and expression while concurrently abolishing the activity of other direct (e.g., Akt and ERK) and indirect (e.g., STAT5) PP2A targets (42) (43) (44) that are essential for p210 and p190 BCR/ABL leukemogenic potential (8, 60) . In addition, these data further support the concept that functional inactivation of the PP2A tumor suppressor represents an essential mechanism used by BCR/ABL oncoproteins for sustaining high levels of activity and expression in CML-BC and Ph1 ALL progenitors.
To assess whether the molecular mechanisms by which FTY720 exerts its immunomodulatory and anticancer activities are identical or follow 2 different signaling pathways, we investigated the effects of S1P and the SPHK inhibitors DMS and SPHK inhibitor 2 on BCR/ABL activity and expression. Reportedly, immunomodulation by FTY720 is achieved at nanomolar concentrations and requires the interaction of FTY720-P phosphorylated by SPHK2 with the Gi protein-coupled S1PRs (29, 36, 61) . Conversely, in different solid tumor and multiple myeloma cell lines, the proapoptotic effects of FTY720 may not require FTY720 phosphorylation and may occur at high micromolar levels (≥10 μM) through a S1PR-independent, ceramide-dependent apoptotic pathway (28, 57) . In BCR/ABL + cells, exposure to S1P prevented the FTY720-induced PP2A-dependent BCR/ABL dephosphorylation and downregulation ( Figure 3B ). Because exposure of BCR/ABL + cells to S1P alone did not alter BCR/ABL activity or expression (Figure 3B ), the blocking activity of S1P may suggest that the PP2A-mediated effects of FTY720 could rely on its interaction with the Gi protein-coupled S1PRs. However, the inability of PTX (inhibitor of Gi protein-coupled receptor activity) to prevent the FTY720-induced BCR/ABL inactivation argues against the involvement of Gi protein-coupled S1PR1 in mediating FTY720 antileukemic activity. Furthermore, the FTY720-induced inactivation and downregulation of p210/p190 BCR/ABL oncoproteins was not prevented but augmented by treatment with 2 different SPHK inhibitors ( Figure 3, C and D) . This may result from inhibition of SPHKs, which diminish endogenous S1P and enhance nonphosphorylated FTY720 levels. Altogether these results suggest that BCR/ABL inactivation requires neither SPHK-dependent FTY720 phosphorylation nor the triggering of Gi protein-coupled S1PR-mediated signaling. However, based on the ability of S1P to prevent FTY720 from inducing BCR/ABL inactivation, we cannot exclude that nonphosphorylated FTY720 may interact with those receptors and, upon internalization, elicit signals that are different from those initiated by S1P. In this regard, it has already been shown that nonphosphorylated FTY720 can also interact with the S1PRs (36) . Additionally, although high micromolar doses of FTY720 trigger apoptosis through increased ceramide levels (62, 63 ) that, in turn, are capable of inducing PP2A activity (64) , it is also unlikely that the FTY720-induced PP2A activation is mediated by a perturbation of the sphingosine-ceramide cycle. In fact, inhibition of ceramide synthetase with fumonisin B1 (65) did not inhibit the BCR/ABL dephosphorylation induced by FTY720 treatment ( Figure 3D) .
Furthermore, because FTY720 inhibits BCR/ABL activity with an EC 50 in the nanomolar range (Figure 1 ), our data argue against the simplistic interpretation that nonphosphorylated FTY720 is not apoptotic at these pharmacologically active doses and suggest that the growth inhibitory and apoptotic effects of FTY720 are strictly dependent on the functional status of PP2A. In this scenario, Ph1 leukemic blast cells but not normal hematopoietic progenitors are sensitive to nanomolar concentrations of FTY720 because they lack or have markedly reduced PP2A activity (Figure 2 ). However, whether FTY720 directly or indirectly interacts with PP2A AC dimers in BCR/ABL + cells still remains to be elucidated.
In p210 and p190 BCR/ABL-expressing myeloid and lymphoid cell lines and in patient-derived primary CML CD34+ (CP and BC) and Ph1 ALL CD34+/CD19+ bone marrow progenitors, PP2A activation by FTY720 resulted in marked induction of apoptosis and inhibition of cytokine-dependent clonogenic potential regardless of the expression of a wild-type or T315I BCR/ABL oncoprotein ( Figures  4 and 5) . Conversely, no effects were observed in primary myeloid and lymphoid bone marrow CD34 + and CD34 + /CD19 + progenitors from healthy individuals. In agreement with these findings, we report that activation of PP2A by forskolin and 1,9-dideoxyforskolin induces apoptosis in CML-CP CD34+ , CML-BC CD34+ , and imatinib-sensitive and -resistant (T315I included) cell lines but not in normal human CD34 + hematopoietic progenitors (26) . Furthermore, we show that FTY720 inhibits cytokine-generated survival signals (57) , suppresses Akt and Bcl-2 function, and triggers activation of proapoptotic BAD and caspase-3 in an okadaic acid-sensitive manner (27) . Similarly, PP2A-induced apoptosis is caspase dependent and involves inhibition of Akt and Bcl-2 and activation of BAD (43, (66) (67) (68) . Thus, the proapoptotic activity of FTY720 in CD34 + imatinib-sensitive and T315I CML-CP and CML-BC as well as in CD34 + /CD19 + Ph1 ALL patient cells, but not in NBM progenitors, reinforces our hypothesis that FTY720-induced cell death is a PP2A-mediated effect, at least in Ph1 cells. In addition, we show that daily administration of FTY720 for 27 weeks in SCID mice did not alter normal myelopoiesis, erythropoiesis, or thrombopoiesis, while it efficiently impaired p210 (wild-type and T315I) and p190 BCR/ABL leukemogenesis without inducing adverse effects in vivo in hematopoietic and nonhematopoietic organs. In fact, 80%, 50%, and 90% of FTY720-treated mice injected with 32D-p210 BCR/ABL , 32D-p210 BCR/ABL (T315I), and BaF3-p190 BCR/ABL cells, respectively, were alive and with no molecular signs (BCR/ ABL negative by nested RT-PCR) of leukemia after FTY720 treatment. Notably, the use of SCID mice precluded the evaluation of the effects of FTY720 on normal lymphocyte function. However, it has been widely reported that FTY720 reversibly suppresses T and B cell trafficking in rodents and humans (31, 69) . Further-more, it is important to note that the FTY720 schedule and dosage were chosen based on prior reports indicating that: (a) daily (20-35 days total) administration of 10 mg/kg FTY720 severely impacts tumor cell growth without toxicity (53-55, 58, 70) ; (b) longterm (100 days) daily i.p. administration of FTY720 at doses up to 10 mg/kg does not induce any histological evidence of hematopoietic or nonhematopoietic tissue damage (71), whereas doses higher than 10 mg/kg are lethal when administered to rodents for 4 to 6 months (29); and (c) the high bioavailability and long elimination half-life of FTY720 justifies its daily administration (30, 34, 72) , as its blood levels remain in the nanomolar (~200 nM) range after 24-hour administration of 7.5 mg/kg (36) .
In summary, because of the central role of PP2A in the regulation of cell growth, survival, and differentiation, it is clear that its loss of function is essential for the development and maintenance of CML-BC and Ph1 ALL. Moreover, the knowledge that functional inactivation of PP2A tumor suppressor activity occurs in myeloid BC CML and Ph1 ALL through the effect of p210 and p190 BCR/ ABL on SET expression and that pharmacologic reestablishment of normal PP2A activity antagonizes both in vitro and in vivo BCR/ ABL leukemogenesis, highlights the importance of incorporating PP2A-activating drugs into the current therapeutic protocols for those Ph1 leukemias that are nonresponsive or develop resistance to imatinib, nilotinib, and/or dasatinib. In particular, as FTY720 therapy is feasible in Phase I-III clinical trials for multiple sclerosis or solid organ transplantation, our data, for what we believe to be the first time, underscores the safety of prolonged (6.3 months) daily administration of FTY720 and strongly supports the use of this PP2A activator as a novel therapeutic approach for treatment of CML-BC and Ph1 ALL patients who are unresponsive to current kinase inhibitor therapy and, perhaps, for treatment of other cancers characterized by functional loss of PP2A activity.
Methods
Cell cultures and primary cells. The BCR/ABL-expressing 32Dcl3 and BaF3 cells, their derivative lines, and Ph1 K562 were maintained in culture in Iscove's modified Dulbecco's medium (IMDM)/10% FBS/2 mM L-glutamine. The 32D-p210 BCR/ABL , 32D-p210 BCR/ABL (T315I), BaF3-p190 BCR/ABL , 32D-BCR/ABL-pBABE-GFP, and 32D-BCR/ABL-GFP-small-t cells were generated by retroviral infection followed by FACS-mediated sorting of the GFP-positive fraction (green fluorescent protein) or by antibiotic-mediated selection as described in ref. 73 . Frozen samples of CD34 + NBM cells from different healthy donors were purchased from Cincinnati Children's Hospital. Frozen samples of mononuclear hematopoietic cells from bone marrow or PB of unidentifiable CML and Ph1 ALL patients were Ficoll separated and used either for Western blot analysis or to isolate the CD34 + and/or CD19 + fraction by using the CD34 MultiSort kit and/or CD19 microbeads (Miltenyi Biotec). The same method was used to isolate the CD19 + fraction from the normal CD34 + marrow progenitors. Before being used in different assays, CD34 + and CD34 + /CD19 + progenitors from healthy donors and leukemic patients were kept overnight in IMDM supplemented with 30% FBS, 2 mM glutamine, and human recombinant cytokines. Specifically, NBM CD34+ , CML-CP CD34+ and CML-BC CD34+ cells were kept in IL-3 (20 ng/ml), IL-6 (20 ng/ml), Flt-3 ligand (100 ng/ml), and KL (100 ng/ml) (Stem Cell Technologies Inc.), whereas NBM CD34+/CD19+ and Ph1 ALL CD34+/CD19+ cells were cultured in IL-7 (100 ng/ml) (Peprotech Inc.), SCF, and Flt-3 ligand, respectively. All studies were performed with human specimens obtained from The Ohio State University Leukemia Tissue Bank; the Division of Hematology, Maisonneuve-Rosemont Hospital, Division of Experimental Oncology, National Cancer Institute (Milan, Italy), and from the Department Hematology and Oncology, Oregon Health and Science University and were done with approval from The Ohio State University Institutional Review Board. Ph1 ALL patient samples were obtained in part from the Cancer and Leukemia Group B Leukemia Tissue Bank at The Ohio State University, and all patients signed Institutional Review Board-approved consent forms for the clinical sample tissue banking study CALGB 9665 and the cytogenetic study CALGB 8461. The percentage of CML-CP Ph + cells analyzed by FISH ranged from 91% to 100%. The CML-BC samples were all myeloid BC and mostly with complex karyotype, and no CML-BC samples had deletions of the der9q. Likewise, the Ph1 ALL bone marrow samples at diagnosis showed high blast counts and were mostly p190 BCR/ ABL + (2 of 12 expressed a p210 BCR/ABL oncoprotein).
Cells were treated with the following reagents used at concentrations, times, and schedules indicated in Results: imatinib mesylate (Novartis Pharmaceuticals Co.); okadaic acid and PTX (Calbiochem); 1,9-dideoxyforskolin (BioMol International); S1P (Sigma-Aldrich); and DMS, fumonisin B1, and SPHK inhibitor 2 (Cayman Chemical Company). FTY720 was synthesized with subsequent HPLC purification as described in ref. 74 . The identity and purity were confirmed by nuclear magnetic resonance and mass spectrometry. Note that, though FTY720 induces apoptosis in BCR/ABL + cells at low nanomolar concentrations (EC50 = 80 nM), in most of the in vitro experiments we used 2.5 μM because this concentration is not toxic in normal primary hematopoietic progenitors, whereas it activates PP2A, induces apoptosis, and inhibits cell growth in BCR/ABL + primary cells and cell lines within 6 hours of treatment. Furthermore a single 2.5 μM FTY720 dose impairs the clonogenic potential of Ph1 leukemia but not normal progenitors.
Plasmids. The retroviral vector pBABE-GFP and its derivative pBABE-GFP-sTAg carrying the SV40 small-t (Addgene plasmid 10673; provided by William C. Hahn, Dana-Farber Cancer Institute, Boston, Massachusetts, USA) have been previously described (75) .
Western blot analysis. Cells (1 × 10 7 ) were lysed in 100 μl of RIPA buffer (150 mM NaCl, 1% NP40, 0.1% SDS, 50 mM Tris [pH 8.0]) supplemented with protease and phosphatase inhibitors (1 mM phenylmethylsulfonylfluoride, 25 μg/ml aprotinin, 10 μg/ml leupeptin, 100 μg/ml pepstatin A, 5 mM benzamidine, 1 mM Na3VO4, 50 mM NaF, 10 mM β-glycerol-phosphate). After incubation on ice for 30 minutes, lysates were clarified (12,000 g for 15 minutes at 4°C), denatured, and subjected to SDS-PAGE and Western blot as previously described (26) . The antibodies used were monoclonal anti-Abl (Ab-3), anti-phosphotyrosine 4G10 (Ab-4), and anti-GRB2 (all from BD TransLab Inc.); rabbit polyclonal anti-pAkt Thr308 and anti-Akt, mouse monoclonal anti-pERK Thr202/Tyr204 , anti-ERK, anti-pSTAT5 Tyr694 (Cell Signaling Technology Inc.) and anti-STAT5 (Invitrogen); and rabbit polyclonal anti-SET(I2PP2A) (Globozymes). Densitometry analysis of western blots was performed on the ImageJ software.
PP2A assays. PP2Ac assays from whole cell lysates were carried out as described in ref. 26 using the PP2Ac immunoprecipitation phosphatase assay kit (Millipore). Briefly, protein lysate (50 μg) in 100 μl of 20 mM Hepes, pH 7.0/100 mM NaCl, 5 μg of PP2Ac antibody (Millipore), and 25 μl of Protein A-agarose were added to 400 μl of 50 mM Tris, pH 7.0/100 mM CaCl2, and IPs were carried out at 4°C for 2 hours. IPs were washed and used in the phosphatase reaction according to the manufacturer's protocol. Specificity of the PP2A assay was assessed by titration with okadaic acid and by ascertaining the absence of PP1α in the PP2A immunoprecipitates (data not shown). As an internal control, the amount of IP PP2A was also monitored by anti-PP2Ac Western blots (data not shown).
Clonogenic assays. Methylcellulose colony formation assays were carried out as previously described (10, 26, 52) . Briefly, clonogenic assays were performed by plating 10 3 or 5 × 10 4 cells from BCR/ABL cell lines or primary human normal, CML, and Ph1 ALL progenitors in 0.9% MethoCult H4230 (Stem
